Lattice constant, total energy, cohesive energy, bulk modulus, speed of sound (υ), plasmon energy (E pl ), valence charge distribution and energy bands of cubic boron nitride crystal have been calculated and studied as a function of temperature using self-consistent field tight binding method with complete neglect of differential overlap version 2 using 8-atom large unit cell approach. Our results illustrate that the increase of temperature leads to an increase of lattice constant, cohesive energy, and valence charge distribution at the atoms, whereas a decrease is obtained for bulk modulus, energy band widths, valence charge distribution in the intratomic distance, speed of sound, and the plasmon energy. The comparison with experimental and other theoretical results has showed an excellent agreement for the lattice constant, bulk modulus, cohesive energy, speed of sound, plasmon energy value and the valence band, whereas remarkable differences in charge distribution values, and the band gap are found. These differences are common in the results that depend on this type of calculation. Values for conduction band and speed of sound have not been found for comparison. Our relation for E pl -T fails but the υ-T relation is successful.
INTRODUCTION
The high account of hardness [1] , melting point [2] , high thermal conductivity [3] and band gap [4] , resistance for oxidation as temperature increases [5] with inert state [6] low electrical conductivity [7] , and no iron reaction [8] are all for sp 3 [9] cubic boron nitride. So it has amazing aspects [10] of multiuse [11, 12] such as in polishing, cutting [13] and protection [14] , and it has been the core for many studies [15] [16] [17] [18] since its discovery in 1957 [19] . Methods of semiempirical calculations give a privilege of reasonable computer execution time for getting the results due to the approximations which are involved [20, 21] , accordingly they are used in many studies [22] [23] [24] [25] . In this paper we have used linear combination of atomic orbitals (LCAO) approach as a starting point [26] which includes both 1) the CNDO, as one of the primary semiempirical methods, that is presented by Popel et al. [27] in which many electron-electron interactions had been neglected. CNDO focused on both valence electrons and nuclei as a core of the atom (with the other electrons) [21] , and 2) LUC (Large Unit Cell) approximation or (Supercell) [28] is used in order to minimize the size of Brillion Zone (BZ) and so to reduce the number of the wave vector (k) points in which the aspects of the crystal such as band structure could be calculated [29, 30] .
The aim of this project is to study the c-BN by CNDO/2. CNDO/2 is an old fashion method but here we try to see its merits and drawbacks through works and results due to the trend to couple between ab initio calculations with semiempirical methods, specially if we know that the ab initio method is used for small systems, in comparison with the semiempirical calculations which were applied for large systems, so it is a competition between the accuracy of the former and the high speed of the later [31] .
METHODOLOGY
According to LCAO-LUC with eight atoms, and STO (Slater Type Orbital), the atomic orbital is of the form:
where Ψ(r,θ,φ) is Slater type orbital. r,θ,φ are the polar spherical coordinates of the atom. G is the normalization
0.5
where μ and ν represent atomic orbitals and here they are used either as s or p orbitals, the quantity -0.5 (I μ +A μ ) is either EES or EEP for μ ≡ s or p respectively, I μ and A μ represent the ionization potential and the atomic electron affinity respectively, β AB is the bonding parameter, P μμ is the density matrix, Q B and Q A are the net charge on atom A and B respectively, and γ AB is the average electrostatic repulsion between any electron on atom A and any electron on atom B. The final expressions with LUC approaches [20] are:
where f(x) it is Szymanski enhancement function, o is the central LUC and z is the other LUCs [33] . We have firstly studied how CNDO/2 parameters: the orbital exponent (ξ), bonding parameter (β), s-shell electronigativity (EES) and p-shell electronegativity (EEP) could be changed and how this change may affect the results. Our suggested parameters are shown in Table 1 , and secondly we have calculated the lattice constant, cohesive energy, valence band width, conduction band width, direct band gap, according to these parameters as shown later. 
CALCULATIONS

The Total Energy
The total energy (E) is calculated when the difference between two successive iterations from the program is less than (0.0136 eV) and our result is fitted to BirchMurnaghan equation [34] as below:
where E o , V o , and B o are the total energy, volume of the unit cell and the bulk modulus at the equilibrium point, zero temperature-pressure point, respectively, V is the volume at any temperature, and B ' o is the pressure derivative of bulk modulus with a value of (3.79) [35] .
Cohesive Energy
The cohesive energy (E coh ) is calculated from the LUC total energy according to the equation [36] :
E free is the energy of (sp) orbitals for the free atom and equals to 169.164 eV [37] , and E zp is the zero point energy and equals to 0.165 eV [38] .
Volume
For tetrahedral structure it is found that [39] :
α is the linear thermal expansion and T m is the melting temperature [39] which equals to 3000 K [40] . We have also from [40] that:
T is the temperature, a is the lattice constant at any temperature and a o is the lattice constant at zero temperature. If we take the initial temperature equals to (0 K), and combine Eq.10 to Eq.11 we get a relation for tetrahedral structure:
Let [1 + 0.021 T/T m ] ≡ X, and we have V = a 3 then we will get:
Bulk Modulus
The bulk modulus has been calculated from the Cohen empirical formula [41] : 3.5 1970 200
I C is the Cohen ionicity factor (= 0, 1 and 2 for IV, III-V and II-V groups respectively) [35] , and it is used instead of Pauling ionicity factor (I P ) (Eq.15 [42] ), d (= 0.433 a) is the intratomic distance [43] .
where χ A and χ B are the atom A and B electronigativity respectively. Now by substituting Eq.13 in Eq.14 with some simple mathematical treatment, we get a general relation for tetrahedral structure:
Plasmon Energy and the Speed of Sound
According to (Kumar and Sastry) [40] the plasmon energy (E pl ) is defined as: 2 3 15.
From the above relations we have d = d o X, so the general relation for tetrahedral structure is:
For the speed of sound (υ) we have [44] :
ρ represents the density at any temperature and relates to ρ o (= 3.47 g/cm according to [45] ) the density at zero temperature with the relation:
So by gathering Eqs.13,16,19,20 we get:
Energy Bands
They are found by calculating the energy difference between the symmetric points where (Γ 25V -Γ 1V ) determines the valence band [46, 47] , (X 1C -Γ 25V ) for indirect band gap, (Γ 15C -Γ 25V ) for direct band gap [1, 33] , while (X 5C -X 1C ) for conduction band [48] .
Valence Charge Density
The electronic charge distribution ρ(r) can be calculated at any point from the equation:
P μν is the density matrix, and both ø μ (r) and ø ν (r) are the basis functions.
RESULTS AND DISCUSSION
The calculated properties of c-BN at 300 K and 0 GPa are illustrated in Table 2 . Figure 1 shows the curve of the total energy against the lattice constant, and from it we can see that when atoms come closer, the attractive and repulsive forces appear [53] so the atomic orbitals overlap to make bonds [54] . The overlap presents three states: 1) If a > a o ; the attractive force (F a ) will be grater than the repulsive force (F r ) due to the existence of the electrons in the region between the atoms. 2) If a < a o ; F a < F r , this case is due to the electronelectron and nuclei-nuclei repulsions, in addition to Pauli exclusion principle which prevents atoms to be closer than a o .
Total Energy
3) If a = a o ; F a = F r , which is the balance case.
Cohesive Energy
According to Eq.9 the cohesive energy mainly depends upon the total energy and when the distance increases by temperature the balance state will be shifted therefore the cohesive energy increases as shown in Figure 2. 
Volume
The relation between the volume and temperature, as shown in Figure 3 , can be simply attributed to the fact that the atom interacts mainly with its neighbor [55] In the meanwhile, when temperature is increased the kinetic rgy (E k ) also increases according to [56] 
Depending on Born-von Kármán theory which considers the lattice as a punch of coupled harmonic oscillators [57] . We have from this view [58] :
where C is force constant, <u 2 > is the mean square displacement of the atom, so by combing the last two equations we get:
The latter equation means that the increase in temperature entails an increase in atomic vibration amplitude which makes the bond weaker [59] and the volume will increase.
Bulk Modulus
Bulk modulus represents the hardness [60] and determines the ability of matter to withstand the volume change [43] , so it depends upon the bond length [4] and this bond is short and very strong in c-BN [61] . Temperature increases volume and kinetic energy [56] which entails a decrease in density, resistance to volume change and bond strength [62] which decreases the bulk modulus [63] as shown in Figure 4 because it depends upon the density directly [64] . This behavior is noticed for silicon [65] , diamond [55] , and also for other solids [66] [67] [68] [69] [70] .
Plasmon Energy and Speed of Sound
Here we have presented two relations: one of them is for plasmon energy and the other is for speed of sound with temperature in order to simplify the calculations. Our results for plasmon energy as in Figure 5 are in contrast with the experiment [71, 72] because we have depended on a relation that does not take into account the effective ionic charge e * T which is directly related to the plasmon energy [73] :
where n is the charge density [74] , M is the reduced mass of the two atoms and ε ∞ is the infrared dielectric constant. Experimentally [71] and theoretically [75] which also represents the average of phonon velocity [76] and is related to the average energy of phonon Ē ph by Eq. 28, behaves consistently with other experimental calculations [71] for III-V compounds and theoretical calculations for InP [44, 72] , Si and Diamond [77]
Energy Bands
The energy bands show the following points:
1) The value of direct band gap is greater than the experimental value as shown in Table 3 . This behavior is also noticed in most calculations that use Hartree-Fock method [78] [79] [80] due to its approximations which are:
• The minimal basis sets include (s and p) orbitals only, these orbitals determine the valence and the conduction band accurately, while the outer orbitals that have not been taken into account decrease the value of the band gap [81] .
• We have not considered the correlation corrections which decrease the value of the indirect band gap [79] .
• Both s and p orbitals are given the same value of ξ and β and the latter parameter determines the bonding and the antibonding states.
• Neglecting of core states which affect the outer valence electrons distribution [36] . 2) All bands decrease with temperature as shown in Figures 7 and 8 . Symmetric points are a combination of atomic orbitals to produce either bonding or antibonding orbitals [82] . Our calculations of the main points with their relativistic corrections are illustrated in Table 3 and compared with (Zunger and Freeman) [10] and Ferhat et al. [42] who both explained the structure of these points.
Valence band is nearly determined by (2s and 2p) nitrogen bonding orbitals [82] , while the conduction band is determined by (2s and 2p) boron antibonding orbitals [79, 40] . Therefore, when the difference between these points increases, the energy bands will be wider. Our results are consistent with [1, 10, 83] for c-BN.
The effect of temperature is similar to the effect of tension pressure but it is thermal [84] , while it directly affects the band gaps [85] . Due to the increase in temperature which leads to increase in distance, the orbitals overlap will be decreased and the repulsion will also decrease, and the energy difference between bonding and antibonding states will be decreased accordingly. This means that the widths become narrower. Our results are consistent with Pässler's results for semicoductors [86] , and with measurements for band gab as reported by Olguín et al. [87] and Fan [88] .
Valence Charge Distribution
First of all we need to mention the approximations used in CNDO method because this kind of results is sensitive to them, and they are: 1) Zero differential overlap which neglects the repulsion integrals and the electron-electron overlap on the same atom, and these change the Coulomb potentials that affect the distribution [89] .
2) The values of EES and EEP are very high, "two of the semiempirical method parameters used to get the results", and both of them represent the electronigativity of the atom and determine the bond polarity [90] .
3) Correlation corrections have not been taken into account. Figures 9-11 and the high anharmonicity parameter (η) [91] in Table 2 show that the density of the charge is higher around nitrogen's atoms than boron's atoms, because the electrons can stay near one of them more than the another which leads to transfer of charge which is called charge transfer factor (c i ). This dimensionless parameter reflects the ability of atom to lose electrons either for another atom or for the intratomic distance. This case is obvious in polar compounds such as c-BN which has (c i = 0.8) [92] . On the other hand, nitrogen pulls the electrons from boron [93] due to its high electronigativity with respect to boron [94] , but as temperature increases the atoms try to separate and return to their original state, as free atoms [95] .
CONCLUSIONS
1) TB-LUC-CNDO/2 method is preferred for wide range of calculations such as the lattice constant, cohesive energy and valence band etc..
2) In this method the energy bands can not be accurately calculated all together.
3) The correlation corrections have remarkable effects upon the band gaps' width and charge distribution. 4) The c-BN tends to be more conductive with temperature increase. 5) Even with high temperature, c-BN can withstand corrosions and abrasives. 6) The infrared absorption of c-BN increases with the increase of temperature.
